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wave altitudes.
The ground-based radiometers were located at San Diego, where, in an experiment in May-

June 1975, the Naval Electronics Laboratory Center (NELC) provided “atmaospherie-truth™ for
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comparison to the rudiometer data obtained by the Naval Research Laboratory. NELC provided
FM-CW radar, acoustic sounder, Hidar, microbarograph, radiosonde, and surfaee meterological data.

Preliminary results showed cases of correspondence between the signals of the passive radiom.

eters and the active FM-CW radar and acoustic sounder systems.  Examples included intermal wave

trains up to an hour in length,
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MEMORANDUM
Subj: Microwave Radiometric Detection of Atmospheric Internal Waves
BACKGROUND

Atmospheric inversion layers and associated internal waves may
cause ducting conditions and radar holes which adversely affect the
performance of Navy radars and communications. A ground-based passive
method of detecting internal waves associated with inversion layers
would be useful to the Navy, particularly during times of radio silence.
An experiment was therefore conducted to determine whether internal waves
could be detected with microwave radiometers and localized in altitude.
The ground-based radicmeters werce located at San Diego where the Naval
Electronics Laboratory Center (NELC) provided "atmospheric-truth” for
comparison to the radiometer data obtained by the Naval Research
Laboratory. NELC provided FM~CW radar, acoustic sounder, lidar, micro-
barograph, radiosondec and surface meteorological data for rhe comparison.
This report describes measurements conducted over two separate intervals,
7-23 May and 16-30 June 1975.

FINDINGS

For the first time, microwave radiometers have detected internal
waves in the atmospheric boundary layer and have localized their altitude.
Varying the intersection height of a marrow (2°) antenna beam with that
of a wide (22°) vertically pointing antenna beam alloved determination
of the altitude of the waves. Correlation between the two radiometer
signals was a <waximum when the altitude of the waves corresponded to the
height of the beam intersection. Preliminary results showed cases of
corvespondence between the signals of the passive radiometers and the
active FM-CW radar and acoustic sounder systems. Examples included
iuternal wave trains up to an hour in length.

RESEARCH IMPLICATIONS

Analysis of the data has led to devisiny a possidle method to
measure the thickness of the inversion layer (Ah) and the index of
refraction change across the layer (Ah). These quantities, in additien
to layer altictude, would then enable calculation of ray tracing plots
to show rvadar ducting and hole conditions.

RECOMMENDATIONS

The analysis of the data should continue to determime further corrve-
spondences and differences between the passive (rvadiometer) and active
(FM=CU radar and acoustic sounder) syatems. A seecond experiment is now
in progreas to test potential methods of determiniug the inversion layer
thickness and the index of refractioa change (AN), which no other
remote sensor can do. iv



MiCROWAVE RADIOMETRIC DETECTION OF
ATMOSPHERIC INFERNAL WAVES
_ 1. INTRODUCTION

1 Internal waves have become an important phenomenon to atmospheric

- . physics, meterology, and electromagnetic propagation. Internal wave

3 motion is now known (Gossard and Hooke, 1975) to be an important factor
in the fluid dynamics and meteorology of the atmospheric boundary layer.
The wave motion transports momentum and affects atmogpheric circulation.
One type of shear induced wave motion (Kelvin-Hlelmholtz) can become
unstable, break down, and generate turbulence. Conversely, turbulence,
as well as other sudden disturbances, can initiate internal waves on
density interfaces within the atwmospherc.

Interaction of electromagnetic (EM) waves with the i{nternal waves can
be a problem or not, depending upon the application. EM waves cma-
nating from a transmitter at low elevation angles can encounter a
convergence, or stecepening, of the index of refraction gradient in the
inversion layer causad by waves on the layer; the result can be a so-
called radio "hole", or loss of signal (Vickers and Lopez, 1975).

Useful interaction has been obtained in the last several years with
ground-based, upward-looking, active radar (Richter, 1969) or acoustic
(McAllister, 1968) remote sensors; the EM (or acoustic) radiation emitted
is back scattered from small scale turbulence (of a scale ome-half the
sensor wavelength).

ottt deionon i d s i
PR RS

i In this report, we describe the first known detection of atmospheric
3 internal waves by upward-looking, passive microwave radiometers.
3 A 22-GHz radiometer operates on a different principle from
the active senrsors in that it detects radiation from the vertical
dizstribution of water vapor (primarily); the change in this distribution
by the internal wave causes covresponding changes in the radiometer
output. The radiometric remote sensovr is thus independent of other
sensars {n that it measures different parametevs of the atmosphere and
does not vequire wind shear (to produce turbulence) for detectability
of internal waves. The internal waves were detected and localized in
altitude during an experiment which was conducted by UHRL at
the Naval Flectronics Laboratory Center (NELC) in the spving of 197S.
A semi-permanent low level inversiom over routhern California separates
cool, moiat surface aiv from wvarm, dry air aloft. This sttuation is
ideal for the propagation of iaternal «nves, a subject of numerous
iavestigations by NELC with FM=(W radais tSoonavd, et al., 1970, 1971).
For the experiment, NELC provided “atmospherie truth® in the
form of FM-CW rvadar, acoustiec sounder, lidav, radiosondea, microbaro-
graph, and surface meteovological data. Measurements weve conducted
over two sepavate intervals, 7-23 May and 16~30 June 197S.

Section 2 demcribes the atmospheric wodel and the vesulta of
theoretical calculations of the radiometer aignal expected from intermal
vaves. Seetion 3 deseribes the equipment used in the experiment by both
NRL and NELC and Seetion & diseusses the experimental smetup and proced-
ureR. Some prelimimary reaules from doth May and June are digcussed in
Section § and some conelualons ave presented im Section 6.

3 & Nuto? Manuicnpt subiiitted Aped 23, 1976,
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2, ATMOSPHERIC MODELING

The detection of {nternal waves with microwave radiometers depends
upon temporal variations of water vapor or temperature. These variations
can efither be chanpes in magnitude at a specific altitude, or changes
in the distribution with height. Prior to the experiment, the sensitiv-
ity of a microwave radiometer to variations in the magnitude and diser?
bution of temperaturc and water vapor in its field of view was calculated
on a digital computer. This sensitivity was determined as a function of
ra'liometer frequency, height of the changes, and moisture content of the
atmosphere. This section describes the computer model of the atmosphere,
the results which were obtained, and a brief investipation of possible
changes in brightness temperature caused by the sky background.

2,1 Computer Program

The computer program used in this study is an expansion of a
l4-layer model originally developed by Kreiss (1968). The expanded
program divides the atmosphere into 202 layers, each five millibars (mb)
in thickness. This small layer thickness (equivalent teo = 40 meters
ncar the earth's surface) provides relatively fine resolution of temper-
ature and water vapor features. Using standard temperature and water
vapor profiles, the program calculates the transmission and resultant
emissjon for each layer using the equarions for water vapor and oxygen
absorption. Then, the contribution of cach layer is appropriately
summed to determine the total atmospheric brightness temperature. These
computations can be made for any choice of frequency between 1 and
100 CHz., To determine the change in brightriss rtemperature due to
elther small changes in water vapor or temperature, both the 22.2 GHz
wvater vapor line and the oxygen line near 60 CHz were investigated.

In addicion, the standard atmospheric temperature and water vapor
profiles were modified to reflect the special econditions under which
internal waves propagate in the lower atmosphere. These conditions and
the atmosnpheric model are discussed in the following se:tien.

2.2 Atmospheric Model

Earlier work by Goassard (1954), Atlas et al, (1970a)and Richter
(1969), has shown that internal wave activity is assoctated with stable
layers (inversfona) and with shaep gradients of vefractive index.
Sieee the larpgest changes in refractive index ave these due to humidity
changer, tnternal wvaves will likely occur at the traneition region
between a cool, mofat surface layev with a warm, dey laver abeve. ftThese
conditions are incorporated in a aimple two-layer model cf the atmorspieve
which elosely resembles the actual comditions obaserved at Sam Diego.
The moiat layver of the model extends from the surface to approximately
0.5 ke, separated froam the dry layer above by a transition region 40
to 100 meters thick. Within the transition repgion the tempevature
tncreagead and the woisture decreases with elevation, resulting in a
sharp gradieat of rvefractive index. [t is amsumed that the ifnternal
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waves propagate within or at the boundaries of this transition region,
causing both the height and the thickness of the layer to change.
These changes will affect the distribution of temperature and water
vapor at the lower boundary of the transition region. Results from
both types of changes are presented below,

2.3 Results

Preliminary calculatfions had two primary objectives. The first
was to calculate the sensitivity of brightness temperature to water
vapor and temperature changes at various observing frequencies. The
second was to determine what changes in the profiles of the model would
cause changes in brightness temperature of sufficient magnitude to be
detectable by a radiometer.

Caleculations were made for altitudes of the transition layer
of 0.5, 1.0 and 2.0 km and for both standard and humid moisture pro-
files. A summary of the results is presented below.

A. In the frequency range from 15 w60 GHz, a microwave radiometer
is more sensftive, by an order of magnitude, to fluctuations in
water viapor than to fluctuations in temperature. The greatest
sensitivity occurs at the 22.235-GHz water vapor lime.

B. A change of 0,1°K in brightness temperature will
occur for:

(1) a 25% change in water vapor at 0.3 km,

(2) a 20-meter change in the depth of the meist
layer, and

{3) a 4U-meter change in the thickness of the transition
layer, keeping the depth of the moist layer coustant.

€. The magnitude of the above changes in brightneas tempera-~
ture will:

{1) devrease vith tucreasing altitude of the transitioa
laver, and

(2) increase with increasing =moisture coutent of the
lower atwmosphere.

This inttral modeling auppested thevefore that reasomable changes
irn etther the distribution of water vapoy or the amount at a specific
height would cause small but measurable changes tn the microwave
brightaesa temperature. These changes, although small, would be

largest at the water vapor lime at 22,2 aHa.
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2.4 Background Fluctuations

The relatively small magnitude of the changes in brightness
temperature generated by internal waves raises the question of the
importance of atmospheric "background noise". The magnitude of this
noise, penerated by the advection of varying amounts of water vapar
thrnough the antenna beam by the wind, depends on atmospheric humidity,
gize of the air parcels, antenna beamwidth, observing frequency, and
vadiometer time comstant.

To provide an estimate of the nolse level, caleulations were
carried out using the computer program and model described in
Section 2.2. The noise sources are assumed to be air parcels whose
water vapor content varies by + 102 from the enviromment. These rarcels,
ranging in diameter from 10 to 100 meters, pass through the antennu beam
at altitudes up to 0.5 km with velocities corresponding to a wind speed
of 3 msec~l. The change in brightness temperature, AT, caused by
these parcels ls proportional to the area of the antenna beam filled by
the parcel times the temperature difference between the parcel and its
environment, or equivalently

AT = ATo [Dplbbl2

where ATo is the brightness temperature differvence between the parce:
and the enviromment, and D, and Dy are the Jiamel:rs of the wrcel and
beam respectively. This value for AT will be reduced when '. . parcal
is in the antenna beam for a time less than the integratic - me of the
radiometer. For a 3° beamwidth(bw) antenna, changes in brigucness tempera-
ture as large as those from internal waves can be expected from parcels
100 meters in diameter having humidities # 10% diffcrent from the local
mean. The separation of iunternal waves from background fluctuations
will depend on a cross-correlatic analysis of the brightness tempera-
ture recordings from the two radiometevs or on the sequence of the wave
pattern.

3. INSTRUMENTATION

3.1 Micvowave Radiometerws

The microwvave rvadiometers wvere tdentical in design to insure
uniform performance and to allow accurate comparisons between thea,
Figure 1 is a Mlock diagran of a vadiomcter, ard the specifications ave
ligted in Table .




TABLE 1

Zf {" System Specifications for Dicke Type,
g L Double Bandwidth Radiometer
:i i Receiver Center Frequency 22.2 Gz
! 2 i¥ Bandwidth 500 Miiz

Noise Flgure 5 di
; F} Post Detection Time Constants 0.15, 1.5, 15 Sec

3 Sensiciviety (RMS) 0.28, 0.09, 0.03%

Y Antennas 3.3° and 22° beamwidths

To provide tor atable measurements over long time periods, the Dicke
desipn was used, awitching between the antenna and a reference load
fmmersea in liquid nitrvojen., This provides a known and stable refsrence
: , temperature (T = 77°K) close to the expected sky temperature. A “zero"
; g fevel) was established by having a load tdentical to the reference load

' also {umersed {n the liquid nitrogen. Calibration was performed by
fajecting a konown signal from a solid-state noise source ingo the
system. This calibration could be made efther manually or automatically
with a timing device. The latter allowed automatic nighttime calibra-
tiona when the equiptent was lefe unattended., The output of the avachro-
nous detector was fed to the recovder throuph a low pass filter with
adjustable ti{me conztante, twe of which, inttially, could he recorded
simultancously on the game chart vecorder. This was later changed so0
that the outputs of the tww separated padicamenrevs could be vecowdad
slmultancously or the mame recovder.

The antenna sizes were chogen to provide spatial resolutiom of
the shortest fnternal waves expected and to altow loealization of the
vaves in hetpht, Por the shortest waves (A ¢ 1 k) and an aleitude of
0.5 ke, the 327 heam sampled approximately 1% of the lemgth of the
vave. The 3° bear, uaed for height localization, provided g vevtical
vesolution of 45 meters at the namiral elevation angle of 45°, Yo mtnie
: 3 alze the foflucmce of shenomena cutside the matn beam, the sidelodbes of
g 3 both antennas vere dowm greater thas 30 d&.

oall alettudes én this repatt ave above meas gea level (M5
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The platfora of ¢*¢ 31° Loam vadiometer was designed to provide
maximum flexibilitv. “ine radiometer was mounted on a vertical wheel so
that the antenana 1 (mally viewed at an elevation angle of 45° when the
quid nft=opan dewar was vers.ital.  The wheel could then be rotated
+ 25% from t'ufs 45° angle, givie~ viewluy angles from 20° to 79°. These
angles Intersected the certie .l view ng beam at heights from 183 te
1160 meta -w, covering the eéxi=e-a ' gltitude range of the internal waves,
The vertical wheel was, {n turn; mensaeed on a horizontal wheel which
could be rotated 360° {n azimuth, rumittiag the radiometer to view at
all azfmuth angles.

3.2 NELC Equipment

The equipment available at NELC provides a uniqu. facility for
remote sensing of the lower atmosphere. Tt cousists of fixed and mobile
FM-CW radars, an acoustic sounder arrvay, lidar, microbarograph, balloon
sounding capability, and routine surface meterological data at two
sites. The equipment {3 automated (except balloon sowndings) so that
observations can be made continuously geven days a wzek, 24 hours a
day. This is essential for studying interpal waves since their oceur-
rence is not yet predictable. All of the remote gdensors have detected
wave activity {n the lowe: atmosgphere, although the P™M-CW radar i3 the
most sensitive aad provides deralled styucture with a resolution of one
meter. PFor this reason, and because {t 13 sengitive to moisture
fluctuations, the FM-CW radar was the primary sensor compared with the
microwave radiomotera. The equipnent has been described elsewhere in
numerous articles, Richter (1969) and McAllister (1968) and will not be
repeated here. As a quick review, Table Il lists some of the equipment
parameters and their sensitiviety to atmospheric variables.

TABLE 11

NELC Equipment Parameters

1. BM<CW radar (3 CHz, 2.6° beamwidth, resolution = 1 meter,
hignegensitivity, detects moisture fluetuations at scala size of § ew).

2. Acoustic sounder (7° beamwidth, deteets temperatuve fluctuations
at scale wize of 8 e¢m).

3. Lidar (eweumitive to aerosol distpibution).

&, Microbarograph (monirors surface pressure, seasieivity = 0.0] ab,
detects paswsage of prwity waves).

5. Surface meteorolepieal equipment (temperature, pressure, vrelative
hunidiey, vistbiliey, wiad speed and diveetion).

6. Ballooa eoundings (tcaperatuve aed dew point from surface up
ta 2000 meters).

=



4. EXPERIMENTAL PLAN

4.1 Site Locacion

The exportmental site was located at NELC on the western side
of the Point Loma Peninsula. To use triangulation for height deter-
nination of the waves, the radicmeters were separated tue distance
between the bottom and top of the ridge (see Fig. 2). The vertically
pointing radiometer was placed near the ridge top {105 moters altits i)
close to the FM-(W radar s0 #s to observe a common volume of alv, 1o
scanning 1° bw radiometer was placed on the roof of a building
€40 meters altitude) at the bottom of the ridpe ucar the ocean. 1h'.

provided an unobstructed view in all dircctions for the scannfnz - .-
meter and pave a weparation between radiometers of 427 moters., ~agnping

the elevatiorn angle of the 3° beam from 20° to 70° varied the itnter-
section of the two beams from just the top of the ridge up @ 1160 moters
(sce Fip. 1), 7This covered the expected height range of the laversion
layer and the assoclated {nternal waves.

4.2 Procedura

Rogh radiometers took data continuously except during calibra-
tions or refilling of thi liquid nitrogen dewars. During normal vorking
hours, calibrations were done manually goon after arrival ¢{n the moraiag
and again shortly before leaving at night. At night, an automatic
timing device initfated calibrations on a preset schedule, originally
set for ouce per hour, but later changed to once every 12 hours.

The small changes in brightness temperature caused by internal
waves requized high gain settinge on the recorders to obtain the
destred seasitiviey., However, when large changes in sky brightuess
temperature vere occurring (i.e. clouds forming or dissipating), the
pens, {f not readjusted, would be driven off geale. For daytime copera=
tionk, orly eccasional monitoring of the three strip-chart recorders
was requived to keep the pens om acale. FPFor aighttime operations, the
galn of the recovders would be decveased eo as to prevent tie complete
losa of data. The requived gain metting varied from might to night,
depending on meteorological condicfons. It was diecovered that dew
vould forp oa the antenna lemses ¢f clear ehies occcurved for several
hours after sumpeet. This caused a large (T = 100%) asignal increass
over 4 period of several houva, usually deiving the vecovders of f scale.

The primavy use of the narvow (3°) beam vadiomater was to
localize wave getivity ia heighe, %he inversion height would he foumd
feed either am NELC balloos soundieg or from the radiosconde at Mopt-
gorery Fleld (MYF) (12 km awav). ftThe correlattconm of the outputs of the
twe radicacters vas oxamired wvhen the tvo beass intersected below, at,
and above this taverszion hoipght. The height of maximus eorrelaion
wvas then amsumed to be the heipht of the source of ifatstral waves
(eev Section 3.4).
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A brief uttempt was made to investigate air parcels at the
inversion height, primarily their continuity in time and their specd.
The narrow beam radiometer was pointed at a specific azimuth and eleva-
tion angle so that the narrow beam intersected the inversion base a
certain distance upwind of the vertically pointing beam. The time
delay between occurrences at the two raditometers depended on the
separation between the antenna beams 2t the inversion height and the
wind speed at this height. By changing rhe azimuth and eleva .ion angle,
various time delays between the two radiometers could be introduced,

In this way, the continuity of the parcels along the horizomtal direc-
tion could be determined as well as their speed.

5. EXPERIMENTAL RESULTS

This section presents three eéxamples of internal wave trains which
were observed with one or both microwave radiometers simultaneously with
the FM-CW radar. The one-to-one correspondence (to within + 1 minute)
between fluctuations of the passive (radicmeter) and active (FM-(W radar)
sensors shows that, in these cases, both sensors are detecting the same
waves, even though detection is by different mechanisms. Although only
a small number of the total waves observed is shown here, the other cases
show agreement with the FM-CW radar similar to that detailed by the
cases presented belcw, Additional examples with analysis will be in
the final report. Finally, Section 5.4 provides an extensive discussion
of height localization of internal waves, including the principles
involved and several examples illustrating different types of behavior.

5.1 Waves on 15 May 1975

On 15 May, when the )" beam was pointed upwards at 60°, there
vete corvrelations of the temperature variations hetween the radio-
meter and the waves recorded by the PM-CW vadar (Fig. 4). The wvaves
recorded dy the FM-CU rvadar, as showm in Fig. 4, are not large, approxi-
mately 15 m in peak-to-peak amplitude for the largest ones, vhich vere
at an altitude of 875 meters. The intersection of the two radiometer
beamg, at a height from $30 to 1260 meters, included the altitude of
the vaves recorded dy the PM-CW radar. The times of the cave crests on
the PM={W vecord are marked on Fig. 4 and tabulated in Tadle III. The
times of the temperature peaks on the simultanecous }* heam rvadiometer
trace are marked on Fig. S and (also) tabulated ia Tadble III for
comparigon.

N




TABLE I1I

Tizme of Undulations for Wave Activity on
15 May 1975, (1400-1440 PST), 3° Radiomcter, 0 = 60°

M™M=-CW FIIM RADIOMETER
Crest Trough Crest Trough
1401 1401

1407 1406.5
1415 1415

1418 1418
1420(S) 1420

1421 1421
1422(S) 1422

1423 1423.5
1425 1426

1428 1428
1430 1430.5

1435 1434

(S) small amplitude

The agreement between both the crests and the troughs is within one
minute for the six waves. This is within the accuracy of picking
crests and troughs without dytailed analysis. Further correspondence
is found in the time variations of the wave periods; the wave trein
beging with leone period waves, then the pariods become shorter and
finally become long again.

5.2 Waves on 17 May 1975

The waves obgerved on 17 May had longer periods (6-10 minutes)
than the waves c¢v 13 May. The PM=CW film in Pig. 6 shows the waves
outlined by insects (dot echoes), wvith only intermitzent solid outlines.
Ingects have been used as tracers of atmospheric motion previously
(Richter, et al., 1973; Atlag, et al., 1970b), but their appearance
during daylight hours (1200 PST) is unuvsual. In this case, the vaves
vere lavge, bdeing approximately 90 m peak-to-peak at an altitude of 945
meters. Unfortunately, in this case, the }* beam radiometer was tnoper=-
ative during 60X of the wvave train, dut there iz good correlation
between the temperature veriations on the 22° heam radiometer and the
BM=(W radar record. The times of the undulations for both the PM-(U
vadar (Fig. &) and the 22° bean radfometer (Fig. 7) are marked and
tadulated i{n Table 1IV.




TABLE 1V
Time of Undulations for Wave Activity on
17 May 1975 (1200-1245 PST), 2Z° Vertical Radiometer
FM~CW FILM 22° RADTOMETER
Crest Trough Crest Trough
1208 1208
1213 1213
1216.5 1217
1219 1219
1223 1223
1228 1228
1232 1233
1236 1236
1239 238
1242 1243

The agreement between both the wave crests and troughs is again within
one minute, even though the wave periods vary from 6 to 10 mimutes. In
addition to the wave train described esbove, the radiometer record
suggests wave activity between 1300 and 1400 PST which is not shown on
the FM-CUW recorvd.

5.3 Waves on 23 June 1975

The strongest wave activity occurred during a l.5-hour period
when the 3° beam was pointed upwards at $0° on an azimuth 74" to the
south of the vertically viewing radiometer. The FM=CW radar record is
shown in Fig. 8 and rha corresponding signal for both radiometers is
shown in Fig. 9. The FPM=-(W record shows a large upward change at
0332 PST, a small peak at N339 PST, followed by a gradual increase until
0400 PST. From this time onward, a series of seven waves starts at
0400 PST and lasts until 0456 PSY, The amplitude of the waves is not
large, being approximately 30 =eters peak-to-peak at an altitude of 600
meters. The bage of the inversion is at 660 meters as shown in an NELC
ballaon sounding taken 2.5 hours later (Fig. 10). This difference in
height 18 not considered significant considering the 2.5-hour time
difference, and iv can he aesumed that the wave activity is occureing
pear the bage of the inversion. Im Table V, the timea of the wvavea are
listed for bdoth the FM-CW radar and the radiometer.
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TABLE V

Tirme of Undulations for Wave Activity on

23 June 1975 (0330-0500 PST)
3° Radiometer, & = 50°

FM=-CW FILM RADIOMETERS
Crests Troughs Crests Troughs
0332 0332
0339 0339
0400 04

(405 0406
0409 0409

0413 0412
0416 0417

0421 0421
0424 0425

0429 0430
0432 0434

04386 0438
0440 0440

0444 0444
0447 ! 0449

0452 0453
0456 0457

The agreement is within a miaute for most of the features oceurring
during the 1.5 hour peviod. The veason for the large change at 0332
PST en both the TI-CW raday sad vadiometer signals, some 28 minutes
before the wave traln 7vecurs, {s unknown, [t may or may not be copnect= !
ed with the initiation oi the internal waves. PFurther analysis may
help answer thizs and other juestions.

5.« Heighr Localization
$.6.1 Principles
The rodel and sswumptiona, on which heipht loealization
s bused, arve 48 tollows. It ig assuxed that an internal wave fn the

taversior laye:r chruges thae height of the moist air colump above the §
verticaily lookiug (22° bw) radiometer, and hence the radiometer output.

the height change is the amplitude of the wave. In the following pro- :
cedure, firet assvme thar the nazivow {1°) hean inteveecta the vertical :
bean (Fig. 1) at the ifnvevaton heipghe. fThe charie in colusn height §

(included within the ° beam) times the appropriate geowmetrical
factors, causes the signal change in the 31° beam. The signal outputs
0f the two radiometers would be eorrelated with zevo lag.

1




Second, imagine the 3°® beam elevated to intersect above
the inversion; the waves in the inversion will pass through the 3* beam
first, if coming from the west (from the direction of the 3° beam
radiometer). If the further assumption is made that the wave train is
“frozen" in its propagation direction for the radiometer separation
(which is small compared to the usual 1- to 10-km wavelengths of gravity
waves), then there will be correlation between the radiometer outputs,
but with a time lead (t) of the 3° beam signal. This lead equals the
distance between the 3° and 22° beams at the inversion height divided by
the component of the wave propagation velocity along the direction of
the two radiometers. If the waves are not completely frozen in this
time interval, the magnitude of tha cross correlation will be less.
Thus, in general, the magnitude of the cross correlation should be
greatest for beam intersections at the inversion hefight and should fall
of f for intersections above (or below)the inversion. In this experiment,
only visual correlation estimates could be made. An electronic corre-
lator will be used in the follow-on experiment.

Third, consider the 3° bean elevated to intersect the
vertical 22° beam below the inversion height. The situation will be
just the opposite to the previous case, and now there will be a time
lag (1) of the cross correlation function.

Three examples on three different days will be given
to gshow different types of behavior.

5.4.2 Results of 15 May 1975

Table VI summarizes the results of the three data runs
on this overcast day.



TABLE Y1

15 May 1975
Height Localization Runs
]
TIME 3° Beam | Beam Inversion Visual FM=CW
PST Elev, Intersection Height Correla-
Angle Heipht m tion
Degree m nf two
radio-
meter
signals
1340- | 60° 1260 945 Cood Excellent
1440 840 { to (T > 3 Min) | correlation
590 of waves at
875 m.
0950- | 50° 590 900 weak
1250
1503- | 30° 285 945 Weak
1735

Notes: Overcast. Cloud base at 700 to 760 m. Maximum height
recordable on acoustic sounder film was approximately
790 m.

The bottom two lines show only weak correlation with the beam intex-
sections considerably below the 945-m inversion heipght. Theve is pood
correlation for periods as short as three minutes at 6 = ¢° ', wvhere the
beam intersection includes both the inversion height (945 m) and the
M-CW wave train height (875 m). In addition, there is excellent corre=-
lation of the 3° beam signal peaks and the FM-CW vave crests as shown
in Figa. 4 and § and Table III.

The data runs therefore localize the wave activiey at
or above the inveraion height. Data runsg could wot he made with inter=-
gection regions completely above the 945-m inveraton. It is unlikely
hovever, that aay wave activity in the much drier air above the {nversioa
vould have more than a minor effect on the vadiometera. The rvapid
decrease in the covrelation below the fnversion, then fmpliecs a similar
behavior for intersections above the inveraien. Im thus scems reason-
able that the wave activity has been localized at the inveraion height.
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5.4.3 Results of 29 June 1975

The summary in Table VII of the data on this clear day

shows that there was no correlation between the two radiometer signals
for beam intersections either considerably below (195 m) or above
(855 m) the 457-m inversion.

TABLE VII

29 June 1975

Height Localization Runs

0
TIME 3* Beam Beam Inversion Visual Correlation | Acoustic
PST Flev, Inter- Helght of two radiometer Sounder
Angle section m signals
De gree Height
m
0400~ 32° 310 457 Fair (T > 10 min.) ] No return
0823 (MYF) at 305 or
457 m.
0932 45° 470 Very Weak Irregular
(T > 10 wmin.) return at
457 m.
1052 62° 855 None
1406 20* 195 Negligible
1600 427
(MYP)
Notea: Clear sky. Soundings from Montpomevy Field (MYF) used

because no soundings at NELC on 29 June. FM=CW filn

not available at this time.

The two rung at 0821 PST and 0932 BST, with intersections near (310 m)
and at the invergion height, show small correlation, but for trends
over 10 minutes. At 0823 PST no echoes were obtained by the acoustic
souander from the 305 m or 457 m levela; at 09,2 PST the acoustic sounder
ghoved only an {rregular veturn at 437 m dut no wavea. Sinee the two
rung vere made under diffevent conditiona, the difference im the corve-
lation magnitude between these tvo runs is not aignificant. This lack
of wave activity may have contributed to the small corvelation: therve
vere not the usual 3= to S-minute period waver which ean be easily
correlated visually. The data runs do provide at leaet the appropriate
treads cf the localization process, i.e., small corvrelations for beam

14
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intersections far below or above the inversion, and larger corralations
for the two intersections nearer the inversion.

5.4.4 Results of 8 May 1975

The data of the clear day of 8 May 1975 will help to
il1lustrate the additional aid in height localization provided by the

time delay (1) for a maximum magnitude of the cross-correlation function

(vs 1) of the signals of the two radiometers.

Table VIIT listz the conditions for one 8 May 1975 data
run with the 3° beam elevated at 2%° and pointed rowards the 22° beam
to intersect at a height of 1170 m, or above the inversion height of
427m, Goed correlation of wave-like activity between the radiometers
occurred from 0802 PST to 0825 PST with 1 » +2.5 minutes, i.e., the
events were .5 minutes earlier in the 3° beam signal.

TABLE VII1
8 May 1975
0800 PST Height Localization Rum
]
TIME (3° Beam Beam faversion | Visual correlation | FM=CW
PST |Elev, Intersection Height of two vadiometer
Angle Height m signals
Depree m
0802~ 69° 11720 »1830 457 Good (T > 3 min.) {Irregu-
0825 to T = +2.5 min. lar trace
0825~ 160 Noune no waves,
0838 {See
0851~ None taxt).
0998 Height
0918~ None of 923 =,
091318
0951~ Some (T > 10 min.)
1011
1103 Some (T » 10 mim.)
1138

Notes: Sky changed from oveveast (610 @) to clear at 0800 PST.
Winds - MYF Q400 PST sounding.

Aleitude Direetion Speed
Degree aeed

308 - 0

610 3t0 0.5

218 148 1.0

1250 005 1.5
13
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For the second data run on 8 May 1975, the 3° beam was elevated 25° to
intersect the 22° beam at height of 240 m, or below the 427-m inversion.
The data and conditions are listed in Table IX. During the time 1252 to
1318 PST, there was "medium" correlation of the 4. 5-minute period vari-
ations of the two radiometer signals, with those of the 3° beam being
delayed 1.3 minutes, instead of being earlier as they were at 0 = 69°.
Near this time, at 1400 Pe™, there were five wave crests on the FM-CW
radar film at a height of 442 m which correclated with the 3° beam
radiometer signal peaks, the radiometer peaks being an average of 1.5
minutes later (Table IX)., The FM-CW film, in this case, served to
verify the delay obtained from the cross correlation between the two
radiometer signals.

TABLE IX
8 May 1975
A. 1400 PST Height Localization Run
Clear sky
3]
TIME |3° Beam { Beam Inversion | Visual correlation
PST |Elev. Inter- Hedight of two radiometer
Angle section m Signals M=-CU
Deg. Height
m
1140 &27
1252~ | 25° 40 Meatum (T » 3 min.)
1318 T ==1,3 min,
1400~ | 25° 240 Good
1419 esorrelation
of wavag at
442m.

B. Correlation of PM-CW Waves and 3° dw Radiometer
Waves: 20 to 30 meter amplitude at 442 -m altitude

Time of Time of Difference
MG Y*bu radiometer Minutes
frests peaks
a8t 1379

1400 1401 1.0
1493.5% 1408 .8

1408 %Agg l.g

AT ia:3 3:3

Average differemce @ ¥ e «1.5 min,

(3® beam later).
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C. Winds - MYF 1600 PST 8 May 1975 Sounding
Altitude Direction Speed
Deg. m sec™l
305 250 3.5
610 210 1.0
915 175 2.0
1220 170 3.5

The use of the time shifts for height localization
requires that the wave activity propagate through the two beams at con-
stant altitude, speed, and direction. For example, if one postulates
that the same wave activity moving through the two beams produced the

2.5-minute lead at 6 = 69° and a 1.3-minute lag at 8 = 25°, an examina-
tton of Fig. 3 shows that waves at an altitude of 300 m, coning from

the west, could account for such time shifts. However, since conditions
had changed in the six hour interval between the two data runs, an
accurate calculation cannot be made for this particular data run, but
the procedure is illustrated.

The data illustrates a case of noncorrespondence between
the radiometer and the FM-CW radar. At 0800 PST, the inversion base
was at 437 m, but the activity on the FM=CY radar film was at 523 m.
Alchough correlation was established at 1400 PST bhetween the FM-CW waves
and the radiometer signal, no such corvelation could be found at (800
PST. In fact, the OR02-0825 PST pericd on the FM=(W film was broken up

as follows:

0802-0813 PST: an frregular trace - no recogmnizable wave trainm.
08130820 P8T: the trace disappea.s.

0820-0822 PST: trace veappears.

0822-08)0 PST: tvace disappears.

These two differences, coupled with the faet that the imversion base
aleitude remained nearly constant durimg the six hours (457 m to 427 &),
make §t uncertain (and even unlikely) that the FM=(W film trace at $23 m
is vhat the radtometer i{s obszegrvimg at Q800 PST. PFurther evidence lies
in the viada (see Table VIIL) of only 0.5 m gec™! a3t 610 = and zevo at
308 m; the ghear is far below the 0.01 sec=! value set by Atlas (1970)
to produce turbulemce. This lack of turbulence is probably vhy the
aetivity at the 457-m inversion height is not seen on the FM=CW film.
Therefore, it is reasonable to asaume that wvave activity at the 457-a
iaveraion height is vhat propagated through the tuo radiometer beans

at 0300 PST and produced the cross=-correlation of the two beame.
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6. CONCLUSIONS

Tvo series of radiometric measurements at the 22.2 GHzewater vapor
line were made during May and June 1975. Results of preliminary analysis
show both detection of internal waves in the lover atmosphere and their
localization in height, Correspondence between wave activity as observed
by the FM-CW radar and the microwave radiomecters exists within ¢ 1 minute
for several cases considered. The 0.1° to 0.7° K magnitude o f brightness
temperature changen observed by the radiometer compares to that predicted
by an internal wave model of 0.1 to 0.4° K. Purthier analysis of the data
and a follow-on experiment are now in progress to determine the mechanism
responsible for the detection of internal waves with microwave radio~
meters and to evaluate the possibility of using ground-based microwave
radiometers as remote sensors of refractive index variatioms.
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Fig. 3 — Crogs-section of Point Loma Peninsula, San Dicgo, California showing location
of wide (22°) and narrow (3°) beamwidth 22 GHz radiometers for detection of internal
waves
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Fig. 4 — Intensity-medulated, height-time FM.CW radar record of 15 May 1975, 1400-
1435 PST. Internal waves (ereits denoted by arvows) appear at an altitude of 876
meters. Intermitieni echoss below 550 metens sre due to buoyunt clements vising
frota the surface.
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Fig. 5 — Signal of 3° bw microwave radiometer versus time for 15 May 1975,
1400-1440 PST. Times of internal wave crests are denoted by arrows ab the
top of the figure. Elevation angle = 60°, azimuth angle = 76°,

Fig. 6 — Intensity-modulated, height-time FM-CW radar record of 17 May 1975,
1200-1300 PST. Internal waves (crests denoted by arrows) are outlined by dot
echoes from inseets at altitude of 965 meters. Echoes below 300 meters are due
to returns from convective cells.
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Fig. 10 — Temperature and rvelative humidity height profiles from
NELC rdiosonde on 23 June 1975, 0730 PST
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